Exposure to opioids reshapes future reward and motivated behaviors partially by altering the functional output of medium spiny neurons (MSNs) in the nucleus accumbens shell. Here, we investigated how morphine, a highly addictive opioid, alters synaptic transmission and intrinsic excitability on dopamine D1-receptor (D1R) expressing and dopamine D2-receptor (D2R) expressing MSNs, the two main output neurons in the nucleus accumbens shell. Using wholecell electrophysiology recordings, we show, that 24 h abstinence following repeated noncontingent administration of morphine (10 mg/kg, i.p.) in mice reduces miniature excitatory postsynaptic current (mEPSC) frequency and miniature inhibitory postsynaptic current (mIPSC) frequency on D2R-MSNs, with concomitant increases in D2R-MSN intrinsic membrane excitability. We did not observe any changes on synaptic or intrinsic changes on D1R-MSNs. Lastly, in an attempt to determine the integrated effect of the synaptic and intrinsic alterations on the overall functional output of D2R-MSNs, we measured the input-output efficacy by measuring synaptically-driven action potential firing. We found that both D1R-MSN and D2R-MSN output was unchanged following morphine treatment. 42 4 much lesser degree (Bertran-Gonzalez et al., 2008). Mice were singly-housed and maintained on 43 a regular 12 hour light/dark cycle (lights on 07:00, lights off 19:00) with ad libitum food and 44 water. 45 2.2. Drugs 46 (−)-morphine sulfate pentahydrate was provided by the National Institute on Drug Abuse Drug 47 Supply Program. NBQX and AP5 were purchased from Tocris Biosciences. Picrotoxin was 48 purchased from Sigma Aldrich. Tetrodotoxin (TTX) was purchased from Enzo. 49 2.3. Repeated systemic injections of saline or morphine 50 Before drug administration, mice were allowed to acclimate to their home cages for >5d. For 51 drug treatment, we used a 5d repeated drug administration procedure (Huang et al., 52 2009;Graziane et al., 2016). In all electrophysiological experiments, once per d for 5d, mice were 53 taken out of the home cages for an intraperitoneal (i.p.) injection of either (−)-morphine sulfate 54 pentahydrate (10mg/kg in 0.9% saline) or the same volume of 0.9% saline, and then placed back 55 to the home cage at ~Zeitgeber time (ZT) 2 (ZT0=lights on, ZT12=lights off). Animals were 56 randomly selected for each drug treatment. Morphine-or saline-treated animals were then used 57 for electrophysiological recordings ~24h following the last injection.
Introduction 1
Exposure to opioids reshapes future reward and motivated behaviors partially by altering the 2 functional output of medium spiny neurons (MSNs) in the nucleus accumbens shell, a brain 3 region central to reward and motivation (Wolf, 2010; Graziane et al., 2016; and cells were discarded if the current needed to adjust the cell to -80 mV was greater than 50 83 pA. A current step protocol consisting of 600 ms steps ranging from -200 to +450 pA in 50 pA 84 increments was carried out with a 20 s intra-sweep interval. The number of action potentials 85 observed at each current step was recorded. 86 For synaptically-driven action potential experiments or rheobase/chronaxie measurements, a 87 stimulation electrode (size, 2.5-3 M), filled with aCSF, was placed 100 μm from the recorded 88 neuron along the same z plane in three dimensional space. Recordings were performed using 89 KMeSO3 as described above. The resting membrane potential was not adjusted, enabling neurons 90 to fire action potentials. The average membrane potential during electrophysiology recordings 91 was -85.3±0.78 mV, which deviated by 4.39±0.40 mV (n=50) throughout the entirety of the 92 experiment. For synaptically-driven action potential experiments, a 10 Hz stimulus with a 93 stimulus duration of 0.25 ms and stimulus strength ranging from 0-100 μAmps of current, with 94 an interval of 5 μAmps, was applied through the stimulating electrode. For each current, this 95 procedure was repeated three times and the average number of action potentials/10 Hz stimulus 96 was recorded. Rheobase/chronaxie measurements were made by varying the stimulus duration 97 from 2-0.2 μAmps and injecting current at each duration until an action potential was evoked 98 from the recorded neuron. The stimulus duration was plotted over the current which elicited an 99 action potential. The rheobase was calculated as the plateau of a two-phase decay nonlinear 100 regression curve fit. The chronaxie was calculated, using GraphPad Prism software, as the 101 duration corresponding to 2x the rheobase, by solving for x in the equation, 102 rheobase*2=rheobase + SpanFast*exp(-KFast*x) + SpanSlow*exp(-KSlow*x). 103 For excitatory/inhibitory ratio (E/I) experiments (Liu et al., 2016) , recording electrodes (2-5 MΩ) 104 were filled with a cesium-based internal solution (in mM): 135 CsMeSO3, 5 CsCl, 5 TEA-Cl,
Morphine reduces synaptic transmission on D2R-MSNs 168
Previously, it was found that exposing mice to a dosing regimen (i.p. 10 mg/kg per d for 5 d, 1-d 169 forced abstinence) that induces locomotor sensitization and conditioned place preference 170 generates silent synapse expression preferentially on D2R-MSNs, but not D1R-MSNs, via 171 removal of AMPA receptors from mature synapses (Graziane et al., 2016) . The removal of 172 AMPA receptors from the synapse is expected to change the number of release sites (n) when 173 AMPA receptor-mediated transmission is the readout (Hanse et al., 2013) , which results in a 174 change in frequency of quantal events (Kerchner and Nicoll, 2008 decay tau: F(3,42)=0.290, p=0.83; One-way ANOVA) ( Fig. 1H and I) . of synaptic input, we measured the ratio of excitatory ionotropic receptor-mediated current to 195 inhibitory ionotropic receptor-mediated current (E/I ratio) following an electrically evoked 196 stimulus while MSNs were voltage-clamped at -70 mV. We found that 24 h post morphine 197 treatment the E/I ratios were unchanged on D1R-or D2R-MSNs (F(3,37)=1.27, p=0.30; One-way 198 ANOVA) ( Fig. 2A and B) . Given that the temporal integration of excitatory and inhibitory (He et al., 2018) . With this approach, we were able 210 to measure the temporal relationship between sEPSCs and sIPSCs as well as the balance of 211 excitatory to inhibitory transmission on D1R-or D2R-MSNs ( Fig. 2C) . Our results show that 212 morphine exposure did not alter the temporal relationship between excitatory and inhibitory 213 events as we did not observe any changes in the inter-event interval between sEPSCs to sIPSCs 214 (F(3,27)=0.198, p=0.90, one-way ANOVA) ( Fig. 2D) or from sIPSCs to sEPSCs (F(3,27)=0.072, 215 p=0.97, one-way ANOVA) ( Fig. 2E) . Additionally, we did not observe any morphine-induced 216 changes in the excitation to inhibition balance measured by taking the sEPSC/sIPSC frequency 217 ratio on D1R-or D2R-MSNs (F(3,27)=0.339, p=0.80, one-way ANOVA) ( Fig. 2F ), suggesting 218 that the relationship between spontaneous postsynaptic excitatory and inhibitory currents within (Fig. 3A) . First, we measured mIPSC amplitude on D1R-or D2R-MSNs. We 231 We also found that basal levels of mIPSC frequency were significantly greater on D2R-MSNs 232 compared to D1R-MSNs (Bonferroni post-test, p=0.02). Lastly, to measure whether inhibitory 233 ionotropic receptor kinetics were potentially a factor in the observed changes, we measured 234 mIPSC rise time and decay tau ( Fig. 3H and I) . We found, in all groups, the receptor kinetics, injected, p>0.999) ( Fig. 4A and B) . However, the morphine-induced decreases in synaptic input 253 onto D2R-MSNs ( Figs. 1 and 3) were accompanied by an overall increase in the intrinsic 254 membrane excitability at currents of ≥250 pA (Bonferroni post-test, 250 pA: p=0.008; 300 pA: 255 p= 0.0003; 350-450 pA: p<0.0001) ( Fig. 4A and C) . 256 
Morphine increases the intrinsic membrane excitability of D2R-MSNs

D2R-MSN synaptically driven functional output is unchanged following morphine treatment 257
Our present findings demonstrate that morphine exposure decreases mEPSC or mIPSC 258 frequency and increases the intrinsic membrane excitability on D2R-MSNs. In an attempt to 259 determine the integrated effect of these alterations on the overall functional output of D2R-260 MSNs, we measured the input-output efficacy by measuring synaptically-driven action potential excitability is not only influenced by the current intensity, but also by the temporal aspects of the 271 current pulse, we constructed strength-duration curves whereby the electrically-evoked current 272 was plotted over the electrically-evoked current duration ( Fig. 6) . By constructing this curve, we 273 were able to observe increases or decreases in pre-and postsynaptic connections shown as steep 274 or shallow decays in amplitude, respectively, as the pulse duration increases (Fröhlich, 2016) . 275 Once plotted, the rheobase, minimal electrically stimulated current required to elicit an action 276 potential at an infinite pulse duration, and the chronaxie, an indication of neuronal excitability 277 defined by the duration of the stimulus corresponding to twice the rheobase, were calculated. 24 278 h following morphine treatment, we found that the rheobase was not significantly different 279 compared to control conditions (F(3,19)=0.048, p=0.986, one-way ANOVA) ( Fig. 6B) . Similarly, 280 the chronaxie on D1R-or D2R-MSNs showed no significant change following morphine 
Morphine-induced changes in MSN intrinsic membrane excitability 293
A neuronal homeostatic response refers to a self-correcting property that is necessary in order to 294 maintain stable function Turrigiano, 2011) . Here, our results show that 24 h 295 post morphine treatment, the overall synaptic input on D2R-MSNs is reduced ( Figs. 1 and 3) , 296 while the intrinsic membrane excitability is significantly increased (Fig. 4) . Given that the relationship between spontaneous excitatory and inhibitory events were unchanged following 357 morphine administration (Fig. 2) , potentially due to homeostatic mechanisms that tightly 5 and 6 ) despite the increases in intrinsic membrane excitability (Fig.   373   4) . This result is potentially explained by our synaptic assessments showing an overall decrease 374 in mEPSC frequency, mIPSC frequency, with no change on the mEPSC or mIPSC amplitude, 375 E/I ratio, or on the temporal relationship between the E-I balance (Fig. 2) . These results suggest 376 that, following morphine exposure, the overall somatic summation of excitatory and inhibitory 377 currents on D2R-MSNs is potentially weakened. This is likely caused by weakened postsynaptic 378 excitatory glutamatergic synaptic connections (i.e., decreases in mEPSC frequency (Fig. 1) and 379 increases in the expression of silent synapses (Graziane et al., 2016) ) as well as the alterations in 380 presynaptic factors that result in decreased inhibitory synaptic transmission (i.e., decreases in 381 mIPSC frequency (Fig. 3) ). These morphine-induced decreases in synaptic transmission on D2R- (Fig. 1H and I) . This 392 result cannot exclude potential alterations in morphine-induced auxiliary protein expression or 393 receptor subunit composition. It has been shown that mRNAs for AMPA receptor subunits 394 GluA1, 3, and 4 are significantly decreased in morphine self-administering rats (Hemby, 2004) . 408 We found that, within all measurements where male and female mice were used (e.g., mEPSC 409 recordings, mIPSC recordings, E/I ratios, intrinsic membrane excitability, synaptically-driven 410 action potentials, and rheobase/chronaxie measurements), there were no statistically significant 411 sex differences within D1R-or D2R-MSNs following non-contingent, repeated saline or 412 morphine treatment (Table III) . Because of this, animals were pooled. However, we understand 413 that our statistical assessment is likely underpowered and therefore, future experiments are 414 required to directly test sex differences. Additionally, it is possible that bimodal distributions in MSNs is unaltered. Despite this, it is still worthwhile to perform a thorough assessment of 420 potential sex effects as it has been shown that, under basal conditions, D2R-MSN mEPSC 421 frequency is significantly reduced in female versus male prepubertal (2-3 week old) mice, in the 422 accumbens core (Cao et al., 2018) . Determining whether these sex differences are observed into 423 adulthood following morphine exposure would be an interesting future direction. 1.49±0.12 (16) Number of cells (n). Tau values provided by Axon software. They were unavailable in Sutter Software, which results in a lower n. Table II . Calculated Cl-reversal potential for D1R-or D2R-MSNs in the nucleus accumbens shell. Cl-reversal potential was calculated in the whole-cell patch-clamp configuration using cesium methanesulfonate internal solution with bath application of aCSF+NBQX () and AP5 (50 M). Whole-cell patch clamp configuration was used to mimic the approach used in spontaneous EPSC and IPSC recordings (Fig. 2) . The values were corrected with a junction potential of 10.4 mV (Vm=Vp-VL where Vm=the membrane voltage, Vp=the calculated voltage, and VL is the voltage of the liquid junction potential) (Figl et al., 2003) . N/m=number of cells/number of animals. 
Sex comparisons
